The oriental fruit moth, Grapholita molesta (Busck) (Lepidoptera: Tortricidae), is a primary pest of stone fruits that cause significant economic damage. Larvae, which enter the host plant through shoot tips, damage shoots, and ripe fruits. Native to Asia, this pest now occurs in many fruit-growing countries, including the United States and Canada. Though the pest was previously reported from many states within the United States, its current distribution and the environmental variables that influence its distribution are not properly identified. The objectives of this study were to 1) identify the environmental factors associated with G. molesta current distribution, 2) predict the current distribution of G. molesta in Washington State (WA) using Maxent and Climex models, 3) identify those areas within WA best suited for establishment of pest free zones, areas of low pest prevalence, and pest free production areas, and 4) identify regions most at risk for further expansion of G. molesta populations as a function of climate change. The current models predicted a small portion of central WA is suitable to support G. molesta, which is consistent with observed distributions. However, climate change models predict that more areas will become suitable for the pest. These results indicate that action should be taken to monitor and reduce current populations of G. molesta to stem its potential expansion into the major commercial tree fruit production areas in the state.
Washington, and California (Dustan 1967 , Rings 1970 , Bellerose 2007 . Larvae of G. molesta mostly damage the tender shoots of host plants by entering the host body through shoot tips. However, larvae can also pierce the soft skins of ripe fruits and cause severe fruit damage. Larval damage to apples is serious when apples are grown close to or interplanted with peaches (Rings 1970) .
While G. molesta has become an increasingly important pest of apples in the eastern United States (Myers et al. 2006 , Riga et al. 2006 , it has not achieved pest status in apples in Washington and the rest of the Pacific Northwest of the United States. This may be due to the low prevalence of stone fruit orchards near commercial apple orchards, the relatively low prevalence of alternate hosts in fruit production regions, or the lower and upper thermal limits of G. molesta. Parts of the eastern United States have much colder winters than the inland Northwest, along with considerable snow cover, which may thermally buffer overwintering larvae, thereby increasing overwintering survival. Additionally, earlier applications of broad-spectrum insecticides in apple with materials such as DDT and organophosphates like Guthion may have contributed to suppressing G. molesta in some areas.
G. molesta is not commonly found in commercial apple orchards in eastern Washington, which has a high desert climate, and larvae are rarely detected in commercial apple fruit during regulatory inspection by state officials (Carver 1948; M. Haskett 1998, personal communication; M. Klaus 2001 M. Klaus , 2002 M. Klaus , 2003 M. Klaus , 2004 M. Klaus , 2009 M. Klaus , 2016 . However, the apple industry expends a great deal of time and money monitoring the pest. Additionally, cold treatments, which must be administered before shipping apples to Mexico, delay the fruit exporting process (Hansen 2002) . In light of this, it would be useful to establish the spatial distribution of G. molesta in Washington State, the major apple producer and exporter in the United States, to develop pest-free zones (PFZs) or areas of low pest prevalence (ALPPs; ISPM 1999).
The North American Plant Protection Organization (NAPPO) has established standards for defining PFZs (RSPM 17) and ALPPs (RSPM 20), which Mexico, as a member, has agreed to (ISPM 1999; RSPM 2004 RSPM , 2011 IPPC 2011) . Establishment of PFZs and/or ALPPs would eliminate the requirement for the cold treatment for apples destined for Mexico and other countries, where this pest has been identified as a quarantine concern (Anonymous 2015). Furthermore, this same work could benefit export programs for stone fruits to Mexico.
Climate change is predicted to alter the geographic distribution of invasive pests including the distribution of codling moth in Europe (Juszczak et al. 2013 ) and G. molesta in Asia (Jung et al. 2013 ). However, similar types of studies, which estimate the future distribution of G. molesta under different climate change scenarios, have not been conducted in United States. Expansion of the predicted range of a pest due to climate change can alter pest management strategies. With recent loss of Guthion and other insecticides, climate change may provide G. molesta a window of opportunity to become a threat in areas that are predicted as suitable for the moth's establishment and spread.
The objectives of this study were to 1) identify environmental variables associated with G. molesta distribution, 2) predict the potential distribution of G. molesta in Washington State (WA) using Maxent and Climex models, 3) identify those areas within WA best suited for establishment of PFZs, ALPP, and pest-free production areas (PFPAs), and 4) identify regions most at risk of further expansion of G. molesta populations as a function of climate change.
Materials and Methods

Maxent Model
For analysis using the Maxent model, we first collected 870 G. molesta presence data from 38 countries using published articles (Russell 1987 , Il'ichev et al. 2003 , Myers et al. 2006 , Sciarretta and Trematerra 2006 , Knight et al. 2014 and from the Global Biodiversity Information (GBIF) website (http://data.gbif. org). We removed duplicate occurrence records and reduced their spatial autocorrelation by applying the spatial filtering technique in SDMTools (Brown 2014). The spatial filtering process reduced the occurrence records to 437 points representing all 38 countries, including the United States, Canada, Italy, Germany, Czech Republic, China, Japan, Brazil, Chile, South Africa, and Australia (Fig. 1 , Supp Appendix A [Online only]). The occurrence data were obtained both from the species' native (China) and invaded ranges.
For current environmental data, we used the 19 bioclimatic variables obtained from the WorldClim global dataset at ~1km (30 arc s) spatial resolution (Hijmans et al. 2005) . The environmental variables were obtained from monthly temperature and rainfall data to represent biologically meaningful variables such as temperature of coldest month and precipitation of wettest quarter (Supp Appendix B [Online only]). Elevation, latitude, and degree-day are known to influence the distribution of insect pests (e.g., see Kumar et al. 2014 Kumar et al. , 2015 Kumar et al. , 2016 . We used these three predictors along with the 19 bioclimatic variables for modeling the distribution of G. molesta in WA. We included latitude in the model because it is a proxy for photoperiod. Photoperiod influences the distribution of several invasive pests including G. molesta. Degree-day, which indicates the total number of days within specified lower and upper temperature threshold values available for a species, was calculated in ArcGIS V. 10.4.1 using 7°C lower developmental threshold value (ESRI 2014) . All environmental variables were tested for multicollinearity and variables having correlations of 0.8 and higher were excluded from the final model (Kumar et al. 2015) .
For future climate modeling, we combined predictions from three Global Climate Models (GCMs), including the Community Climate System Model (CCSM4) (Vertenstein et al. 2010) , Hadley Global Environment Model 2-Atmosphere Only (HadGEM2-AO), and Model for Interdisciplinary Research On Climate (MIROC5). These future climate data were bias corrected and downscaled to align with the spatial resolution of the current climate data (Hijmans et al. 2005 , Taylor et al. 2012 , Miao et al. 2014 . For the three GCMs, two commonly used Representative Concentration Pathways (RCP4.5 and RCP8.5) were selected for the 2050s and 2070s time periods. These emission scenarios were based on phase five of the Coupled Model Intercomparison Project (CMIP5) multimodel data set that corresponds with the fifth assessment report from the Intergovernmental Panel on Climate Change (IPCC) (Moss et al. 2010 , Taylor et al. Fig. 1 . G. molesta occurrence data used in the Maxent model. In total, 437 species presence points collected from 38 countries were used to predict the current and future distribution of G. molesta in WA State. 2012). RCP4.5 (medium-to low-emission scenario) projects temperature to increase by ~1.8°C by the year 2100, while RCP8.5 (highrisk emission scenario) projects temperature to raise by ~ 3.7°C by the year 2100 (Meinshausen et al. 2011 , Miao et al. 2014 .
We used Maxent for predicting both the current and future distribution of G. molesta in WA. Maxent is one of the highly performing species distribution modeling (SDM) techniques that gives reasonable results (Phillips et al. 2006; Elith et al. 2010 Elith et al. , 2011 . Maxent relates environmental variables with verified species presence data to create a habitat suitability surface. Unlike other SDMs, Maxent uses species presence only data with background points which can be generated through different approaches. In this study, 10,000 background points were generated via a bias surface (i.e., background points generated close to species presence locations) using default settings in SDMtoolbox (Brown 2014). The Maxent logistic output, also used in this study, produces habitat suitability surfaces ranging from zero (unsuitable) to one (highly suitable). A well-calibrated Maxent model that is developed with biologically meaningful predictors and reliable occurrence data produces accurate results (Radosavljevic and Anderson 2014, Kumar et al. 2015) . Maxentbased SDM maps are comparable in accuracy to other mechanistic-based SDM maps that are often produced by incorporating the species' known physiology (Kumar et al. 2014 (Kumar et al. , 2016 .
We calibrated the Maxent model using the 437 G. molesta occurrence data, elevation, degree-day, latitude, and the 19 bioclimatic layers (Supp Appendix B [Online only]). We used the 10% cross-validation option which divides the occurrence data into 10 groups for model calibration and testing. In this approach, nine groups are used for model training, while the remaining one group is used for model testing. Additionally, we generated a bias file (to correct for probable sampling bias in the occurrence and background data), selected the fade-by-clamping option, and unchecked the extrapolate option. The latter two options will prevent Maxent from making predictions that are not supported by observed data (Elith et al. 2010) .
Furthermore, we 'tuned' the Maxent model by selecting different combinations of regularization multiplier values and feature types and by comparing the omission rates. The process involves running several Maxent models and examining the response curves for model overfitting, inspecting the area under the receiver operating characteristic (ROC) curve (AUC) values (Haneley and McNeil 1982, Fielding and Bell 1997) for model accuracy, and assessing the variable contribution percentage values for biological relevance. We compared the omission rates at 0 (minimum) and 10 percentile training presence points. A good Maxent model will return a value close to 0 for the 0-percentile, and a value closet to 0.1 for the 10-percentile training presence omission rates, respectively. The best Maxent model was used to predict the current and future (2050s and 2070s) distributions of G. molesta at a global scale. Maxent outputs were then exported to ArcGIS and clipped to the WA boundary. G. molesta predictions were overlaid on orchard maps to identify the orchards that are within the G. molesta suitable habitat range.
Model results were evaluated using the omission error rates (omission rates) and the AUC. All evaluation matrices used here are based on the 'confusion matrix', a systematically arranged predicted presence and absence, and observed presence and absence records. Omission rates refer to the proportion of presence records that are classified as 'unsuitable' and thus 'omitted', whereas commission error rates refer to the proportion of species absence data that are classified as 'suitable'. For invasive species, lower omission rates are usually desired. Since we used the 10-fold cross-validation approach in Maxent, our species presence data were divided into 10 groups (9 for model calibration and 1 for model evaluation). We selected the best Maxent model based on lowest omission rates and highest AUC values. AUC is a threshold independent matric that combines both omission and commission rates. It is obtained by arranging derivatives of omission and commission error rates along the X-and Y-axis, and calculating the AUC (Haneley and McNeil 1982) . Since background points are used in place of absence points, the interpretation of AUC in Maxent is slightly different (Phillips et al. 2006, Phillips and Dudík 2008) . A random Maxent model has an AUC value close to 0.5, while a highly performing (best) Maxent model has an AUC value close to 1.
Climex Model
Climex is a process based modeling approach that uses physiological parameters supported by laboratory experiments for predicting species' geographic distributions (Sutherst and Maywald 1985 , Kriticos 2012 , Kriticos et al. 2015 . In this study, we used Climex version 4 for predicting the distribution of G. molesta in WA (Kriticos et al. 2015) . A G. molesta Climex model was developed for Mexico in the 1990s using Climex version 1 (Gonzalez et al. 1998) . We adopted the parameters developed by Gonzalez et al. (1998) , adjusting selected parameters as needed to calibrate Climex version 4.
Adjusted parameters include temperature threshold for cold stress (TTCS), temperature threshold for heat stress (TTHS), soil moisture threshold for dry stress (SMDS), dry stress accumulation rate (HDS), day length above which growth is at a maximum (LT0), and minimum number of days needed to complete diapause (DPD). Given the rationale that the wilting point for most plants is 0.1, and SMDS must not exceed the lower soil moisture threshold (SM0), we changed SMDS from 1.2 to 0.2. We changed the DPD values from 0 to 31 (Dickson 1941), the soil moisture threshold for wet stress (SMWS) from 1.2 to 1.5, and the less sensitive LT0 value from 0.0003 to 1 (Table 1) . We fitted all Climex parameters without significantly altering the global distribution of G. molesta predicted in Gonzalez et al. (1998) .
We used the gridded data set CM10 World 1975H V1.1, which is more appropriate for our study site (Kriticos et al. 2015) . Furthermore, we included one irrigation scenario (+0.36 mm monthly top-up) to assess the potential distribution of G. molesta in WA when water stress is not limiting. We fitted all Climex parameters using the species' native range (i.e., Asia), projected it at a global scale, and clipped Climex results to WA boundary using ArcGIS. We reclassified Climex results using the Ecoclimatic Index (EI) and produced G. molesta distribution maps for the state. The EI, which hypothetically ranges between 0 and 100, is a relative climatic suitability index that combines multiple indices including annual growth indices, annual stress indices, and other limiting factors (Kriticos et al. 2015) . We reclassified the EI values for G. molesta into three classes in ArcGIS closely matching the EI classes used in Gonzalez et al. (1998) and the EI classes suggested by Kriticos et al. (2015) .
Results
We selected the best Maxent model based on lowest omission rates, highest AUC values, and realistic response curves. Bimodal and overfitted response curves were considered unrealistic. The best Maxent model had seven predictor variables, and linear, quadratic, product, and hinge features, and a regularization multiplier value of 1.0. It had a test AUC value of 0.943 (±0.006), and indicated that the four most important environmental variables for predicting the current potential distribution of G. molesta were annual mean temperature (bio1), latitude (absolute), precipitation of coldest quarter (bio19), and elevation (Table 2, Fig. 2) . According to the model, G. molesta does well where the mean annual temperature (MAT) range is between 15°C and 17°C. Habitat suitability for G. molesta declines sharply below 8°C and above 19°C MAT (Fig. 2a) . Latitudes between 34° and 42° are highly suitable for G. molesta, while latitudes below 25° and above 58° are less suitable (Fig. 2b) . G. molesta does well where the precipitation during the coldest quarter (bio19) is between 300 and 500 mm; suitability declines approximately below 0 mm and above 900 mm (Fig. 2c) . The optimum elevation range for G. molesta is between 100 and 400 m above sea level. According to the Maxent model, habitat suitability for G. molesta declines at elevations above 1000 m (Fig. 2d ).
The Maxent model predicted both the current and future potential distribution of G. molesta in WA with a reasonable degree of accuracy (average test AUC = 0.946). Western parts of WA are highly suitable, whereas southern and eastern parts are relatively less suitable for G. molesta (Fig. 3) . The central parts of WA and some parts of northern WA have habitats unsuitable for G. molesta. The orchards found in Whatcom, Skagit, Snohomish, Chelan, and Walla Walla Counties are located within the highly suitable category, while the orchards in Okanogan, Grant, Franklin, Benton, and Yakima Counties are found within the medium to low suitability category (Fig. 4) .
According to the Maxent model, habitat suitable for G. molesta is expected to increase in the 2050s and 2070s (Fig. 5) . Both emission concentration pathways (RCP4.5 and RCP8.5) showed an expansion of G. molesta habitat in the 2050s and 2070s with a higher rate of increase for RCP8.5. For all tested scenarios, the predicted range of G. molesta in the 2070s was higher than the predicted range of G. molesta in the 2050s.
Climex predicted high and moderate habitat suitability for G. molesta in western WA (Fig. 6) . Based on the Climex model, G. molesta unsuitable habitats are found in central and eastern parts of WA. Habitat suitability in the eastern parts of WA increased after dry stress was reduced by including an irrigation scenario (map not shown). The highest EI value (recorded in western WA) was 30, while the lowest EI value (recorded in eastern WA) was 0. 
Discussion
Both models produced a relatively similar distribution pattern. The Climex modeling approach uses a wide range of biologically meaningful parameters that are particularly useful for insect pest risk assessment. Additionally, information supported by experiments can be directly used to parametrize Climex models. Obtaining comparable G. molesta distribution patterns through different approaches (Maxent and Climex) gives us confidence in the accuracy of our results. Both models predicted high habitat suitability for G. molesta in western parts of WA. Suitability for G. molesta is relatively low in the eastern and central parts of WA. However, increased rainfall conditions or irrigation and warmer climate created suitable environments for these localities. Our results agree with other studies which also found that moist and warmer climates can increase G. molesta occurrence as well as that of other insects (Rothschild and Vickers 1991 , Parmesan and Yohe 2003 , Jung et al. 2013 .
The most important predictors for habitat suitability for G. molesta using both modeling approaches were temperature and moisture related (Supp Appendix B). Currently, the moth is restricted mostly to western WA and seems constrained by high annual mean temperatures and low precipitation in central and eastern WA. However, our findings also indicate that increases in temperature over the next 30-50 yr could expand the range of the moth into commercial fruit-growing areas. Results indicate that action should be taken to monitor and reduce current populations of G. molesta to stem its potential expansion into the major commercial tree fruit production areas in the state.
The current results indicate that most of the habitats highly suitable for G. molesta are found west of the Cascade Mountain Range except for a small portion of Chelan, Klickitat, and Walla Walla Counties (Figs. 3 and 4) . Thus, most areas east of the Cascades, including the commercial fruit-growing regions of WA, are suited for establishing PFZs, ALPP, and PFPAs against G. molesta for fruit export purposes. NAPPO standards permit export of apples from PFZs and under certain conditions from ALPP sites to most countries (ISPM 1999) .
The regions within WA most at risk of further expansion of G. molesta populations as a function of climate change include all fruit-growing areas that currently are unsuitable or less suitable for the moth. These regions are predicted to increase in mean annual temperatures that favor its survival, as optimal temperatures between 15 and 17°C predicted by Maxent will be reached (Fig. 2a) . Although the current distribution of G. molesta in WA is limited to commercial growing areas with sufficient host availability, stone fruits, and irrigation to support populations, the potential for expansion within the state is directly related to the expansion of stone fruit cultivation within the state as the climate changes. Current programs to control G. molesta in stone fruit in WA have relied on mating disruption. This is an excellent option for growers in a state where G. molesta has two or three generations per year. However, work by Jung et al. (2013) indicates that the number of G. molesta generations per year could rise in the 2050s and 2090s due to increased temperatures and decreased developmental times. Thus, additional G. molesta controlling methods may be needed in future.
The biology of G. molesta differs from codling moth in diapause induction and termination requirements, phenology related to number of generations per growing season, and lower and upper thermal tolerance limits (Dickson 1941 , Gonzalez et al. 1998 , Kumar et al. 2015 . Recent publications describing the potential for establishment and spread of codling moth also show a close relationship between apple cultivation, day length, and duration of chilling temperatures and moth physiological requirements (Kumar et al. 2015 , Neven 2013 , Zhu et al. 2017 ). However, international phytosanitary groups concerned with pests of deciduous tree fruits often assume that codling moth and oriental fruit moth are similar in biology and host range, and thus occupy the same niche. Our research work indicates that these assumptions are often not met. 
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